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INTRODUCTION 
Properties of Mammalian Glycogen Synthases 
Glycogen synthase,' first described by Leloir and Cardini in liver 
(1), catalyzes the synthesis of glycogen by enzymatically transferring 
the glucosyl moiety of UDP-glucose to the physiological primer, glycogen. 
This reaction is essentially irreversible under physiological conditions 
(2) and has been shown to be the rate limiting step in the synthesis of 
glycogen in a number of mammalian tissues (2,3,4). Early studied by 
Leloir et al_. (3) also led to the discovery that glucose-6-phosphate 
stimulated the glycogen synthase-catalyzed synthesis of glycogen in 
extracts from skeletal muscle. Subsequently, Villar-Palasi and Larner 
demonstrated that insulin treatment of skeletal muscle altered the effect 
of glucose-6-phosphate on glycogen synthesis, and proposed the existence 
of two rapidly interconvertible enzyme forms in vivo (5). Following 
these observations, Larner and his co-workers established that there were 
two forms of muscle glycogen synthase and that these two forms could be 
interconverted enzymatically by phosphorylation-dephosphorylation 
reactions (5,7,8). These data, coupled with similar data reported for 
glycogen phosphorylase (9,10), the rate-limiting enzyme responsible for 
glycogen breakdown, suggested a dual role for phosphorylation-
dephosphorylation in the regulation of glycogen metabolism in mammalian 
systems. 
^UDP-glucosa:glycogen a-1,4-glycosyltransferase, EC2.4.1.11. 
2 
a-1,4-Glucan;orthophosphate glycosyltransferase, EC2,4,1,1, 
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The two forms of glycogen synthase, which occur in mammalian 
tissues, can be distinguished by their requirement for glucose-6-
phosphate. The nonphosphorylated form has activity independent of the 
concentration of glucose-6-phosphate and is thus designated glycogen 
synthase I. The phosphorylated form has activity that is dependent on 
millimolar concentrations of glucose-6-phosphate and is therefore 
designated glycogen synthase D, 
The two forms of glycogen synthase have been studied from various 
tissues. Both forms have been highly purified from rabbit skeletal 
muscle (11,12). Glycogen synthase D has also been purified from liver 
(13,14), swine kidney (15) and swine adipose tissue (16). Finally, 
glycogen synthase D from bovine cardiac tissue has been highly purified 
(17). There is general agreement on subunit size of synthase with values 
ranging from 85,000 to 90,000 daltons (12-17) as well as to the fact that 
glycogen synthase, in its enzymatically active form, is an oligomeric 
protein (11-17). 
Studies on both forms of glycogen synthase isolated from a number of 
sources have demonstrated that glycogen synthase activity is affected 
allosterically by a number of effector molecules although each form 
differs in their sensitivity to these effectors. Both forms of glycogen 
synthase isolated from liver (18,19), skeletal muscle (.20,21), heart 
(21,22), adipose tissue (23) and yeast (24) are subject to allosteric 
regulation by nucleotides, inorganic phosphate and glucose-6-phosphate. 
Nucleotide inhibition seems to be due to two distinct types: 
1) directly competitive with the physiological substrate UDP-glucose 
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(19,20,22-24) and 2) cooperative, as described by Rothman and Cabib (24), 
Piras e;t ai, (20) and Nakai and Thomas (22), Activation by glucose-6-
phosphate is also apparently allosteric effecting kinetic constants for 
the physiological substrate UDP-glucose (18,19,21,24). Inorganic phos­
phate activates glycogen synthase I (18) but inhibits glycogen synthase D 
(18,19,22). This inhibition is also allosteric in nature. 
Some progress has been made concerning the control of glycogen 
synthase activity in vivo. In skeletal muscle, the regulation of 
phosphorylation-dephosphorylation reactions as well as control of 
glycogen synthase activity by activators and inhibitors both seem to play 
an important role in regulation of glycogen synthesis (.25). However, 
in liver, the effect of regulatory compounds on modulation of glycogen 
synthase activity is minimized and the control of phosphorylation-
dephosphorylation is suggested as the main control of glycogen synthase 
activity (26,27). Presumably, control of glycogen synthase activity in 
mammalian cardiac tissue is also modulated by controlling protein kinase 
and protein phosphatase activity, as shown in both liver and skeletal 
muscle. 
Interconversion of Glycogen Synthase 
After initially establishing the existence of two forms of glycogen 
synthase, Friedman and Larner demonstrated the presence of an activity 
which converted glycogen synthase D to glycogen synthase I in skeletal 
muscle (7). Shortly thereafter, the conversion of glycogen synthase D 
32 to I was shown to be accompanied by release of P from radioactively-
labelled glycogen synthase D (,8). Subsequently, glycogen synthase 
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phosphatases have been purified from a number of mammalian tissues (14, 
28-30). These purified phosphatases have been shown to act not only on 
glycogen synthase D, but also on a variety of other phosphoproteins (14, 
28-30). More recently, Brandt ^al. (31) purified a phosphorylase 
phosphatase to apparent homogeneity and this enzyme was then shown to 
also dephosphorylate phosphohistone and highly purified rabbit liver 
glycogen synthase D (14). Finally, synthase phosphatase from bovine 
heart has been purified approximately 4-fold more than previously 
reported (30), and this enzyme also has a broad substrate specificity 
(32). 
Several investigators have reported data concerning the control of 
dephosphorylation of glycogen synthase D in light of the broad substrate 
specificity exhibited by these phosphatases. Effects on the dephos­
phorylation reaction by fluoride, phosphate, and pyrophosphate (30), 
divalent cations (33), glucose-6-phosphate (34), and glycogen (_35) have 
been demonstrated. These data indicate that modulation of the phos­
phatase reaction is not only accomplished through regulation of the 
phosphatase activity itself but also through control of glycogen 
synthase D as a substrate. 
Unlike the dephosphorylation of glycogen synthase D, the phos-
nl>nv>i/1 a-f-T r>in nlurmnan c»/n + hacQ T hac Koon c fiiHi cH niin+o QV+ûncTMûl\/ 
by several investigators. Early studies by Belocopitow (36) demonstrated 
that glycogen synthase could be inactivated in epinephrine treated 
diaphragms and in broken-cell preparations incubated in the presence of 
cAMP. This was followed by a series of reports by Lamer and co-workers 
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that cAMP stimulated conversion of glycogen synthase I to D in skeletal 
muscle (37), that the protein kinase acting on glycogen synthase I was 
not phosphorylase kinase (38), and finally that the inactivation of 
glycogen synthase was directly stimulated by cAMP (.39), Appleman et 
(40) then reported that inactivation of glycogen synthase and activation 
of phosphorylase kinase were both inhibited by the same heat stable 
protein isolated from muscle. Shortly thereafter, Walsh et (41) 
identified an enzyme which catalyzed the phosphorylation and subsequent 
activation of phosphorylase kinase as well as the phosphorylation of 
casein. This activity was separable from phosphorylase kinase and was 
called cAMP-dependent protein kinase. Schlender et §1. then indicated 
that cAMP-dependent protein kinase and glycogen synthase kinase might be 
the same enzyme (42). Additional data supporting this idea was provided 
by Soderling et (11) and Villar-Palasi et al. (43). It is now well-
established that cAMP-dependent protein kinase which phosphorylates 
phosphorylase kinase, hi stone, and other protein substrates, also 
phosphorylates glycogen synthase. 
Cyclic AMP-dependent protein kinases have been under extensive 
investigation in recent years. It is now well-established that these 
kinases have subunit structures RgCg which dissociate in the presence 
of cAMP to yield a dimer of regulator subunits and two active catalytic 
subunits. It is clear that cAMP-dependent protein kinases exist in 
many mammalian tissues (44). Furthermore, it has been demonstrated 
that many mammalian tissues contain two different types of soluble 
cAMP-dependent protein kinase which have been referred to as Types I and 
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II, based on their affinity for DEAE-cellulose (45,46), These two forms 
vary in concentration in a given tissue between species and vary between 
tissues of a particular species (44), Finally, molecular characteristics 
of these two forms of cAMP-dependent protein kinase, as well as the 
existence of a third, particulate cAMP-dependent protein kinase has 
been reported by several investigators (for review see 47-49), 
Initial reports concerning substrate specificity of cAMP-dependent 
protein kinase indicated that cAMP-dependent protein kinases could 
phosphorylate many proteins in vitro. These reports led to the belief 
that cAMP-dependent protein kinase was a rather nonspecific enzyme. It 
has, however, become increasingly clear that cAMP-dependent protein 
kinases are very specific. Studies by Bylund and Krebs (50) demon­
strated that proteins, normally not phosphorylated by cAMP-dependent 
kinases, could be phosphorylated if these proteins were denatured. 
Furthermore, the phosphorylation of lysozyme was specific. 
Subsequent investigations by several laboratories using synthetic 
peptides as substrates (51-54) have demonstrated that there is a 
primary structural requirement around the phosphorylation site. This 
was substantiated by sequence analysis around the phosphorylation site 
of many of the proteins phosphorylated by cAMP-dependent protein 
kinases (.50,55-50). It is now clear that the recognition of a 
phosphorylation site by cANP-dependent protein kinase lies, at least 
in part, in the presence of basic amino acids on the N-terminal side, 
located approximately two to five residues away from the serine which 
is phosphorylated. 
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Although the presence of basic amino acid residues appears to be 
very important in determining whether a particular serine is phos-
phorylated, other factors may also play an important role. For example, 
data have been reported suggesting that the activity of cAMP-dependent 
protein kinases may be influenced by steric effects contributed by 
amino acids immediately adjacent to the phosphorylation site. Finally, 
as previously demonstrated (50), the three-dimensional conformation of 
the protein itself undoubtedly plays an important role in determining 
the availability of sites phosphorylated by cAMP-dependent protein 
kinases. 
More recently, evidence has been reported that a second, cAMP-
independent protein kinase is also involved in the phosphorylation of 
synthase I. Nimmo and Cohen reported that glycogen synthase prepara­
tions, partially purified from rabbit skeletal muscle, were contaminated 
by a protein kinase, distinct from cAMP-dependent protein kinase (61). 
This contaminating activity was not activated by cAMP, it was not 
inhibited by the heat stable protein kinase inhibitor, it had a 
different nucleotide triphosphate specificity than that reported for 
cyclic nucleotide dependent kinase, and it did not promote the conversion 
of glycogen synthase I to D, Furthermore, Schlender and Reimann (62) 
reported the isolation of a cAMP-independent protein kinase from rabbit 
kidney medulla which was not inhibited by the heat stable inhibitor of 
cAMP-dependent protein kinase, it was not activated by cAMP; however, 
unlike the kinase reported by Nimmo (61), it did catalyze conversion 
2+ 
of glycogen synthase I to D in the presence of Mg and ATP, Additional 
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evidence for the existence of a second, cAMP-independent protein kinase 
which phosphorylates and subsequently inactivates glycogen synthase has 
been reported by Itarte et al. (63), Soderling et al» (64), and Brown 
(65). Finally, it has been demonstrated that cAMP-independent 
glycogen synthase kinase occurs in many tissues of the rat, accounting 
for as much as 95% of the glycogen synthase kinase in brain to as little 
as 54% in heart (66). The widespread distribution and high concentra­
tions of cAMP-independent glycogen synthase kinases suggests that they 
are of physiological importance and worthy of further investigation. 
Unlike the cAMP-dependent protein kinases, examination of cAMP-
independent kinases have just recently begun, However, it is clear 
that cyclic nucleotide independent kinases, in general, differ from 
cAMP-dependent kinases in three properties: 1) independent kinases are 
not stimulated by the presence of cAMP, 2) these kinases are not 
effected by the heat stable cAMP-dependent protein kinase inhibitor, 
and 3} they prefer acidic proteins, such as casein and phosvitin; to 
basic proteins, such as histone and protamine, as substrates (62,64), 
Recently, Tuazon and co-workers [67,68) have begun to use casein 
variants as a means of examining the substrate specificity of cAMP-
independent protein kinases from rabbit reticulocytes and may provide 
a means for distinguishing between various cyclic nucleotide kinases. 
Reports by Schlender and Riemann (66) and Soderling e^al_. (64), however, 
have indicated that cAMP-independent kinases with activity on phosvitin 
and casein differ from cyclic nucleotide independent glycogen synthase 
kinases. Finally, it has been demonstrated that cAMP-independent 
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glycogen synthase kinases utilize only ATP as a phosphoryl donor (64) 
unlike other cAMP-independent kinases which can utilize GTP as the 
nucleotide substrate (69). 
Investigation of the phosphorylation of glycogen synthase has led 
to the question of stoichiometry of phosphate incorporation during the 
inactivation of glycogen synthase. Initial reports (12,13) showed the 
incorporation of from six to twelve molecules of phosphate per glycogen 
synthase subunit occurring during the inactivation of glycogen synthase. 
However, recent reports have suggested that there are approximately three 
to four phosphorylation sites per glycogen synthase subunit (63,64,65, 
70), Proud and co-workers have reported the partial sequence of two 
sites which are phosphorylated by cAMP-dependent protein kinase acting 
on highly purified rabbit skeletal muscle glycogen synthase I [71). 
The sequence of site "1" reported by Cohen is in excellent agreement 
with a sequence also reported by Huang and Krebs (72) for phosphorylation 
of rabbit skeletal muscle by the cyclic nucleotide dependent protein 
kinase. Rylatt and Cohen have also reported the amino acid sequence of 
the site phosphorylated by the so-called glycogen synthase kinase-2 (73) 
which has more recently been shown to be phosphorylase kinase, Soderling 
et al_. (64) has also demonstrated that cAMP-dependent protein kinase 
phosphorylates two sites on glycogen synthase while a cAM.P-lndependent 
protein kinase phosphorylates a third site on the glycogen synthase 
subunit. Finally, Itarte etal_, (.63) has reported the phosphorylation 
of glycogen synthase by a cAMP-independent protein kinase which 
incorporates four phosphates per glycogen synthase subunit, 
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As is illustrated in the previous discussion, glycogen synthase 
is a multiply phosphorylated enzyme. There has been very good evidence 
by several investigators demonstrating that rabbit skeletal muscle 
glycogen synthase is phosphorylated by cAMP-dependent protein kinase 
in two sites and that a third site is phosphorylated by a cAMP-
independent protein kinase. Furthermore, there is mounting evidence 
that phosphorylase kinase may also phosphorylate a fourth site on 
glycogen synthase (74,75). 
In the present work, a method for purification of homogeneous 
bovine heart glycogen synthase I is described. The phosphorylation 
of this enzyme by cAMP-dependent protein kinase catalytic subunit, 
also purified from bovine heart, is investigated. The effect of ATP, 
as well as the other nucleotide triphosphates, on the phosphorylation 
reaction is studied as are the effects of glucose-6-phosphate, 
inorganic phosphate, and S0^~. The stoichiometry of phosphorylation 
of bovine heart glycogen synthase by cAMP-denpnrient protein kinase 
is examined. Finally, a procedure for the purification of cAMP-
independent glycogen synthase kinase from bovine heart is described. 
Some of the properties of this kinase are examined as are its effects 
on glycogen synthase phosphorylation. 
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MATERIALS AND METHODS 
Materials 
UDPGs glucose-6-phosphate, ATP, cAMP, UTP, calf thymus histone 
(Type II-A), phosvitin, a-casein, rabbit liver glycogen (Type III), 
bovine heart protein kinase inhibitor (Type II), bovine hemoglobin 
(.Type I), and catalase were purchased from Sigma Chemical Company. 
Rabbit skeletal muscle phosphorylase b was a generous gift from 
Dr. D. J. Graves. GTP was purchased from Cal Biochem. ITP was 
obtained from ICN. [8-^\]-ITP was purchased from Amershan Searle. 
Pepsin and chrotrypsinogen were purchased from Pharmacia Fine Chemical 
Company. LDH, AMPPNP, and GMPPNP were purchased from Worthington 
Biochemical Corporation. Bovine Serum Albumin was obtained from 
Miles Laboratories. Phosphocellulose was purchased from Biorad. 
Cyanogen Bromide was purchased from Aldrich. Uniformly labelled 
14 32 [Li- Cj-glucose and carrier free P=phosphoric acid were products 
of New England Nuclear. All other chemical were of reagent grade. 
Methods 
Biochemical preparations 
Preparation of radiobiochemicals UDP-[U-'^C]-glucose was 
32 
made by the method of Thomas et al^. (76). y-[ PJ-Ubelled ATP was 
made by a previously described method (77). 
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Preparation of aminobutylagarose Aminobutylagarose was prepared 
by combining methods of Cuatrecasas et (78) and Shaltiel et (79) 
as described previously (17), It was prepared fresh one week prior to 
use for the purification of bovine heart glycogen synthase I, 
Enzyme preparations 
Human salivary a-amy1ase Salivary a-amylase was prepared by 
the method of Bernfeld (80). 
Bovine heart glycogen synthase Glycogen synthase was prepared 
by two slightly different methods. 
_! Glycogen synthase containing endogenous kinase, used in initial 
studies, was prepared as described by Mellgren (17). 
II Glycogen synthase, free of endogenous kinases and phosphatases 
was prepared by a modification of the method previously described (17). 
Bovine cardiac tissue, frozen at -70°C, was allowed to thaw for 
approximately thirty minutes at room temperature. The tissue was then 
homogenized in a waring blender with two volumes of 50 mM Tris-HCl 
buffer, pH 7.8, 5 mM EDTA, and 5 mM EGTA. The crude homogenate was 
centrifuged at 10,000xg for 45 minutes at 5°C, The resultant super­
natant was filtered through glass wool and the synthase was precipitated 
by the addition of ethanol to 30% v/v as described previously (81). 
The precipitate was collected by centrifugation at 10,000x g for 
45 minutes at -10°C, the supernatant was discarded and the pellet was 
resuspended in 50 mM Tris-HCl buffer, pH 7.8, 5 mJ-l EDTA, 5 mM', EGTA, and 
50 mM 3-mercaptoethanol (TEEM buffer) at a final volume of one-tenth 
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the volume of the crude homogenate. The resuspended enzyme was then 
centrifuged at 78,000xg for 5 hours at 3°C, the supernatant was 
filtered through glass wool, oyster glycogen was added to a final 
concentration of 5 mg/ml and the enzyme was allowed to stand at 3°C 
for 5 hours. Ultracentrifugation was repeated at 78,000 xg for 6 hours 
at 3°C, the supernatant was discarded and the pellet was resuspended 
in 20 mis of TEEM buffer, pH 7.8 containing 25% v/v glycerol (TEEMG). 
Human salivary a-aqylase was added to a final concentration of 10 yg/ml 
and the partially purified glycogen synthase was dialyzed against 
1 liter of TEEMG buffer for 3 hours at room temperature. The dialyzed 
enzyme solution was applied to a 40 ml aminobutylagarose column pre-
equilibrated with TEEMG buffer. The column was washed with TEEMG buffer 
plus 20 ymolar cAMP until the O.D.ggg of the column effluent returned to 
the baseline level. The glycogen synthase was eluted with a 500 ml 
gradient of 0.0 to 0.4 M NaCl in TEEMG buffer. Rabbit liver glycogen 
was added to a final concentration of 0.5 mg/ml and the partially 
purified glycogen synthase was dialyzed overnight against 20 volumes of 
TEEM at 3°C. The dialyzed enzyme was brought to 30% v/v ethanol and the 
precipitate was collected by centrifugation at 12,000 xg for 20 minutes 
at -10°C. The pellet was resuspended in 50 mM Tris-HCl, pH 7.8, 
5 mM EDTA; and 50 mM R-mercaptoethanol (TEM buffer) and dialyzed for 
12 hours against the same buffer at 3°C, The enzyme was dialzyed 
against 50 mM Tris-HCl, pH 7.8 for 3 hours at 3°C and stored at -70°C, 
The partially purified enzyme at this stage assayed at least 90% 
independent form and had a specific activity of at least 10 U/mg, To 
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further purify the glycogen synthase, the enzyme was thawed and 
incubated at 3°C with 50 mM Tris-HCl, pH 7.8, 5 mM EDTA, 5 mM DTT, and 
50 mM KF for 30 minutes. The synthase was layered on 50% w/v sucrose 
in the same buffer at a ratio of 250 yl of the enzyme solution to 2 mis 
of 50% w/v sucrose and centrifuged at 145,000xg for 6 hours at 3°C. 
The pellet thus obtained was resuspended in 50 mM Tris-HCl, pH 7.8, 
5 mM EDTA, and 50 mM g-mercaptoethanol, It was dialyzed against TEM 
buffer for 16 hours followed by dialysis against 50 mM Tris-HCl, 
pH 7.8 for 3 hours at 3°C and stored at -70°C. The final enzyme 
preparation again assayed at least 90% independent form and had a 
specific activity of at least 30 U/mg. 
cAMP-dependent protein kinase catalytic subunit The catalytic 
subunit of bovine heart cAMP-dependent protein kinase was prepared by 
the method of Schlender and Reimann (62) as modified by Mellgren et 
C82), A second hydroxyapatite column was used to concentrate the 
cAMP-dependent protein kinase catalytic subunit and the final prepara­
tion was stored at -20°C in 50 mM potassium phosphate, pH 6,8, 60% v/v 
glycerol. The catalytic subunit was stable for at least 6 months. 
Before use, the pH was adjusted with KOH to the pH desired, 
cAMP-independent glycogen synthase kinase cAMP-independent 
y IJf wycil OJ 11 VIrru<> pMI ll IWU ii VIII wv V « l IV- wm* w • vaw w I o MV. Ill t I >I»I( 
was stored at -70°C, The heart tissue was allowed to thaw for 30 
minutes and homogenized in 2 volumes of 50 mM Tris-HCl, pH 7,8, 5 mM 
EDTA, and 5 mM EGTA in a Waring blender. The crude homogenate was 
centrifuged at 10,000xg at 5°C for 45 minutes. The resulting 
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supernatant was filtered through glass wool and the kinase was precipi­
tated by the addition of ethanol to 30% v/v. The precipitate was 
collected by centrifugation at 10,000xg for 45 minutes at -10°C, the 
supernatant discarded, and the pellet was resuspended in TEEM, pH 7.8. 
The volume at this stage was maintained at one-tenth the volume of the 
crude homogenate. The resuspended pellet was centrifuged at 
78,000X9 for 5 hours at 3°C and the resultant supernatant was filtered 
through glass wool at 3°C. Oyster glycogen was added to the supernatant 
to a final concentration of 5 mg/ml and a second ultracentrifugation at 
78,000Xg was done. The supernatant was discarded and the pellet was 
resuspended in TEM, pH 7.8 and 10 yg/ml of human salivary a^aqylase was 
added. This was dialyzed against TEM, pH 7.8 for 3 hours at room 
temperature and layered on a 40 ml aminobutylagarose column pre-
equilibrated with TEM, pH 7,8 at 3°C. The column was washed with 
4 volumes of TEM, pH 7.8 containing 20 ymolar cAMP, This was sufficient 
to remove traces of the cAMP-dependent protein kinase catalytic subunit 
which contaminated the independent kinase at this stage. The cyclic 
nucleotide-independent kinase was then eluted from the aminobutylagarose 
column in a batchwise fashion using 0.3 M NaCl, The pooled kinase peak 
was dialyzed overnight against TEM, pH 7.8 and layered on a 20 ml 
phosphocellulose column prê-equilibratéd with TEM, pn 7,8 at 3°C, The 
column was washed with five column volumes of the equilibrating buffer 
and then with five column volumes of the equilibrating buffer plus 
0,1 M NaCl. The kinase was eluted batchwise with 0.5 M NaCl and 
dialyzed overnight against TEM, pH 7,8 plus 25% v/v glycerol. The 
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enzyme was dialyzed against 50 mM Tris-HCl, pH 7.8 containing 25% 
glycerol for 3 hours and stored at -20°C. The enzyme was stable for at 
least 3 months under these conditions. 
Enzyme assays 
Glycogen synthase Glycogen synthase was assayed by incorpo­
ration of [^^^]-glucose from L)DP-[U^\]-glucose into glycogen as 
described by Thomas et al_. (76). Total glycogen synthase activity was 
determined in the presence of 10 mM glucose-6-phosphate and glycogen 
synthase I was measured in the presence of 14 mM NagSO^ (21). Under 
these conditions, 1 unit of glycogen synthase activity is defined as 
the amount of enzyme catalyzing the transfer of 1 ymole of glucose 
from UDP-glucose to glycogen per minute at 30°C, The ratio of activity 
in the presence of 14 mM NagSO^ to that in the presence of 10 mM 
glucose-6-phosphate is defined as percent glycogen synthase I. 
cAMP-dependent protein kinase Cyclic AMP-dependent protein 
kinase catalytic subunit was assayed as previously described (83) 
using histone as the substrate. One unit of kinase activity is defined 
32 
as the amount of enzyme catalyzing the transfer of 1 nmole of P 
00 
from T-[' P]-AlP to histone per minute at 30°C. 
cAMP-independent glycogen synthase kinase Cyclic AMP-
independent glycogen synthase kinase activity was determined by 
measuring the rate of conversion of glycogen synthase I to glycogen 
synthase D (42), Reaction mixture contained 5 U/ml glycogen synthase 
I, 0.2 mg/ml cAMP-dependent protein kinase inhibitor, 1 mM ATP, 6 mM 
17 
MgClg, 5 mM DTT, 50 mM KF, and 50 mM Tris-HCl, pH 7,8. Reactions were 
started by the addition of kinase to the reaction mixture and aliquots 
were diluted at least 50-fold in stopping buffer at 4°C. Stopping 
buffer contained 50 mM Tris-HCl, 20 mM DTT, 1 mg/ml rabbit liver 
glycogen, 5 mM EDTA, and 50 mM KF at pH 7,8. Aliquots of the stopped 
reaction were taken, assayed for glycogen synthase I and total synthase 
activity and the rate of conversion of synthase I to synthase D was 
calculated. One unit of cAMP-independent glycogen synthase kinase is 
defined as the amount of enzyme necessary to convert one pmole of 
glycogen synthase I to glycogen synthase D in one minute at 30°C. 
Other analytical methods 
Protein concentrations were determined by the method of Lowry 
et (84) using crystalline bovine serum albumin as the standard, 
SDS-polyacrylamide gel electrophoresis was carried out as 
previously described [85,86), Protein bands were detected by staining 
with Coomassie Brilliant Blue 6 250 as previously described (8/). "V-
labelled proteins were detected by slicing the gel into 1,5 iran slices, 
incubating with 3% protosol as described by Mellgren et (82), and 
counted in a Beckman LS 100 C liquid scintillation counter. 
32 'i? P incorporation into protein substrates from y-E P]-ATP was 
measured by the method of Reimann et (83), 
op 
Chemical cleavage of P-labelled glycogen synthase by CNBr was 
carried out as described by Gross (87). The radioactively labelled 
synthase was precipitated twice with cold 20% trichloroacetic acid 
18 
and finally dissolved in 200 yl of 70% formic acid containing CNBr. 
The final molar ratio of CNBr to glycogen synthase was 300:1, Samples 
were sealed and incubated for 20 hours at 25°C. The CNBr and formic 
acid were removed by repeated evaporation in the presence of absolute 
ethanol. The CNBr peptides were dissolved in 0,01 M NaPO^, 1,0% SDS, 
50 mM 3-mercaptoethanol, 4 M urea, and 30% glycerol. This was heated 
at 100°C for 5 minutes then subjected to gel electrophoresis on 15% 
32 polyacrylamide gels in the presence of sodium dcdecyl sulfate. P-
labelled peptides were detected as described previously (82), 
19 
RESULTS 
Phosphorylation of Partially Purified Bovine Heart 
Glycogen Synthase by Endogenous Kinase Activity 
Figure 1 shows the phosphorylation of partially purified bovine 
heart glycogen synthase I by endogenous kinase activity. Phosphorylation 
of the partially purified synthase resulted in the incorporation of 
op 
2.3 moles of P-labelled phosphate per mole of glycogen synthase sub-
unit, Calculations of glycogen synthase subunit concentrations were 
based on the following criteria (These are used throughout this 
thesis.): 
CD The molecular weight of a glycogen synthase subunit, isolated 
from bovine heart is 85,000 daltons 07, Figure 5). This is 
in good agreement with results obtained for glycogen synthase 
isolated from other mammalian tissues 02-17), 
C_2) The specific activity of the homogeneous glycogen synthase 
isolated from bovine cardiac tissue is 35 units per 
milligram of protein (Table I). These data are also in good 
agreement with results obtained for glycogen synthase 
isolated from skeletal muscle (88). 
32 
r-incorporation into g'.yccgeri synthase directly correlated with 
conversion of glycogen synthase I to glycogen synthase D. • Analysis of 
32 P incorporation by SDS-polyacrylamide gel electrophoresis, illustrated 
32 in Figure 2, shows that all of the P incorporated into protein was 
located in an 86,000 molecular weight band. 
Figure 1. Phosphorylation of bovine heart glycogen synthase by endogenous protein kinase. 
Partially purified glycogen synthase I, prepared by Method I as described under 
"MATERIALS AND METHODS", was incubated at 30°C in the presence of 1 mM ATP, 
6 mM MgClg, 50 i#4 KF, 5 inM DTT and 20 yM cAMP in 50 mI-1 Tris-HCl, pH 7.8. P 
incorporation into protein and conversion of glycogen synthase I to D were 
carried out in the same reaction mixture. Aliquots were removed at various 
32 times for determination of percent glycogen synthase I (o - o) and P 
32 incorporation into protein (• - «) as described under "METHODS", P-
radioactivity contaminating the determination of percent glycogen synthase I 
was corrected for by the channels ratio method (89) 
% GSI OR % TOTAL INCORP. 
IZ 
32 Figure 2. SDS-gel electrophoresis of P-labelled glycogen synthase I. Seven and 
one-half percent w/v polyacrylamide gels containing 1:29 w/v/ N,N-methylenebis-
acrylamide to acrylamide were prepared in 0.6 by 10 cm gel tubes. Proteins 
were incubated in 4M urea, 1% SDS, 50 mM mercaptoethanol, 0.1 M NaPi, pH 7.2 
for 2 hours at 37°C. Three yl of 0.02% bromophenol blue was added to each 
sample immediately before applying to gels. Electrophoresis was performed in 
a Shandon analytical polyacrylamide electrophoresis apparatus at 8 ma per 
32 tube. Standard proteins and the P-labelled synthase D were run in 
separate gel tubes. Mobility was determined relative to the dye front. 
32 Ten yg of each standard protein and 2 yg of the P-labelled synthase D 
32 
sample tvas applied to the gel. P was detected in the gel as described 
under "METHODS". Symbols for standard proteins and their molecular weights 
are: BSAg, bovine serum albumin dimer, 132,000 (85); Phos rabbit muscle 
phosphorylase a, 97,412 (90); BSA, bovine serum albumin, 66,000 (85); LDH, 
rabbit muscle lactate dehydrogenase, 36,000 (86). The arrow indicates the 
of nonradioactive glycogen synthase D 
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Previous reports by Schlender et (.42) and Soderling et al^. (11) 
demonstrated that cAMP-dependent protein kinase was responsible for the 
phosphorylation and inactivation of rabbit skeletal muscle glycogen 
synthase. Therefore, we examined the possible role of this kinase in 
the phosphorylation of bovine heart glycogen synthase. As shown in 
Figure 3, the addition of 10 ymolar cAMP stimulated initial conversion 
rates of partially purified glycogen synthase approximately 3-fold over 
control values. Five U/ml cAMP-dependent protein kinase catalytic 
subunit in the presence of 10 ymolar cAMP stimulated initial conversion 
approximately 5-fold over control values. These data demonstrate that 
cAMP-dependent protein kinase is contaminating the partially purified 
glycogen synthase and is also involved in the phosphorylation of the 
synthase. 
The effect of the heat stable cAMP-dependent protein kinase 
inhibitor is shown in Figure 4. Twenty-five yg/ml of the heat stable 
inhibitor protein completely inhibited the endogenous cAMP-dependent 
32 protein kinase as judged by P incorporation into histone. However, 
total endogenous glycogen synthase kinase activity was inhibited only 
75% suggesting the presence of a second kinase contaminating the 
partially purified glycogen synthase and having activity on the 
synthase. 
The results of studies on partially purified glycogen synthase I 
showed that the preparation contained at least two glycogen synthase 
kinase activities. One of the kinases was a cAMP-dependent protein 
kinase and the second kinase activity was not inhibited by the heat 
Figure 3. Effect of cAMP and cAMP-dependent protein kinase catalytic subunit on 
the conversion of partially purified glycogen synthase I. Partially 
purified glycogen synthase I was incubated at 30°C in the presence of 
1 mM ATP, 6 mM MgClg, 5C mM KF, 5 mM DTT in 50 mM Tris-HCl, pH 7.8. 
Conversion was carried cut with no additions (o - o) in the presence 
of 20 ijmolar cAflP (•-•]., or in the presence of 20 ymolar cAMP and 
5  U / m l  c A M P - d e p e n d e n t  p r o t e i n  k i n a s e  c a t a l y t i c  s u b u n i t  ( A  - A ) .  
Aliquots were removed at various times for determination of percent 
glycogen synthase I as described under "METHODS" 
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Figure 4. Effect: of cAMP-dependent protein kinase inhibitor on endogenous histone and 
glycogen synthase kinase. Endogenous glycogen synthase kinase (•-§) was 
measured in a twenty yl reaction containing 5 units/ml of partially purified 
glycogen synthase, 5 mM OTT, 50 mM KF, 6 rtiN MgCl,, 1 mM y-[^^PJ-ATP, and 
3? 
various inhibitor concentrations. P incorporation into protein was 
measured after five minutes a§ described under "METHODS". Histone kinase 
activity contaminating uhe glycogen synthase (o-o) was assayed as 
described under "METHOD!)" in the presence of various concentrations of 
the heat stable inhibitor 
INHIBITOR CONCENTRATION (mG/HL) 
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stable cAMP-dependent protein kinase. This latter activity represented 
approximately 25% of the endogenous glycogen synthase kinase activity 
under our experimental conditions. 
Purification of Bovine Heart 
Glycogen Synthase I 
In order to investigate the phosphorylation of glycogen synthase 
by a specific kinase, the further purification of heart glycogen 
synthase was required. Table I shows the results of the purification 
of bovine heart glycogen synthase I using Method II described under 
"MATERIALS AND METHODS". 
The purification procedure resulted in a 2200-fold purification 
of the glycogen synthase from bovine cardiac tissue with a 14% yield. 
Major losses occurred during the first 78,000 xg centrifugation step 
and the centrifugation through 50% (w/v) sucrose. Losses during the 
first 78,000 X9 centrifugation step most likely are a result of the 
presence of a small amount of high molecular weight glycogen which 
would pellet at 78,000xg thus removing some of the glycogen synthase. 
Losses during the centrifugation through 50% (w/v) sucrose are most 
likely due to incomplete precipitation of the glycogen synthase through 
rrte viscous sucrose solution. The purification procedure reported here 
resulted in an enzyme with a specific activity of 33 units per milligram 
of protein. This is the highest specific activity reported for the 
heart enzyme and is comparable to the purification reported by Takeda 
et aj_, C88) for the skeletal muscle enzyme. 
Table I. Purification of bovine heôrt glycogen synthase T 
Step 
Vol urne 
(ml) 
Total 
Units 
Protein (mg) Yield Purification Units/mg (%) (fold) 
10.000 X g 
supernatant 1650 346 
First ethanol 
precipitation 270 258 
First 78,000 x g 
supernatant 250 170 
Second 78,000 x g 
pellet 25 135 
Ami nobutyl-
agarose 210 110 
Second ethanol 
precipitation 6.5 80 
Centrifugation 
through 50% (w/v) 
sucrose 5.0 48 
22,000 
5,600 
1,500 
329 
97.9 
9.45 
0.015 
0.046 
0.111 
0.410 
1.021 
8.470 
1.45 33.00 
100 
75 
49 
39 
32 
23 
14 
1.00 
3.06 
7.40 
27 
68 
565 
2200 
^Starting material was one frozen beef heart. Data presented are an average of three 
separate enzyme preparations. 
31 
The purity of the preparation was checked by SDS-polyacrylamide gel 
electrophoresis (85,86). As shown in Figure 5, when the highly purified 
glycogen synthase was electrophoresed in the presence of SOS, one band, 
with a molecular weight of 86,000, was evident. This band correlated 
well with subunit molecular weight for bovine heart glycogen synthase D 
as previously reported (.17). 
The presence of contaminating kinases having activity on glycogen 
32 
synthase was checked by following both P incorporation into protein 
and conversion from glucose-6-phosphate independent to a glucose-6-
phosphate dependent form of glycogen synthase. As shown in Figure 6, 
there was no apparent kinase activity contaminating our highly purified 
bovine heart glycogen synthase in the presence or absence of 20 ymolar 
cAMP. It has been reported (74,91) that the presence of millimolar 
2+ 32 
concentrations of Ca stimulated P incorporation into glycogen 
2+ 
synthase. This was also investigated and no Ca effect was found with 
our purified enzyme. 
It was concluded that the bovine heart glycogen synthase I, 
purified by Method II was free of any contaminating glycogen synthase 
kinase activity. Furthermore, the enzyme gave a single band when 
electrophoresed on polyacrylamide gels in the presence of SDS and was 
therefore judged to be a good substrate for studying the effects of 
phosphorylation by specific protein kinases. 
Figure 5. SDS gel electrophoresis of purified bovine heart glycogen synthase I. 
SDS polyacrylamide gel electrophoresis was carried out as described in 
Figure 2 except that 6% w/v acrylamide was used. Twenty pg of the 
synthase was electrophcresed. Gels were stained as described under 
"METHODS". Mobility was. determined relative to the dye front. The 
inset shows the gel pattern of the purified glycogen synthase I. The 
arrow indicates the position of synthase I as determined with all of 
the preparations used. 
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2+ Figure 6. Effect of cAMP and Ca on conversion and phosphorylation of purified glycogen 
synthase I. Glycogen synthase I was incubated at 5 U/ml in the presence of 
1 mM ATP, 6 mM MgCl? 5 mM DTT in 50 mM Tris-HCl, pH 7.8. Conversion (open 
32 symbols) and P incorporation into protein (closed symbols) was followed 
in reactions containing 20 ymolar cAMP (A,A) or 1 mM CaCl. (O,H) and 
32 compared to a control reaction (0,6). Percent glycogen synthase I and P 
incorporation into protein was determined as described in Figure 1 
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Phosphorylation of Bovine Heart Glycogen Synthase I by Bovine 
Heart cAMP-dependent Protein Kinase Catalytic Subunit 
Studies on the phosphorylation of highly purified glycogen synthase I 
with the catalytic subunit of cAMP-dependent protein kinase and ATP 
resulted in conversion of the synthase I to a form which was dependent on 
glucose-6-phosphate for activity. Figure 7 shows a typical time course 
of conversion of glycogen synthase I to D by cAMP-dependent protein kinase 
catalytic subunit. Cyclic AMP had no effect on the time course, while the 
heat stable cAMP-dependent protein kinase inhibitor completely inhibited 
conversion of glycogen synthase I to D. Conversion of glycogen synthase 
in the presence or absence of cAMP resulted in conversion from 95% to 22% 
after 120 minutes at 30°C, Further conversion to values of less than 10% 
glycogen synthase I resulted when these reactions were maintained at 3°C 
for 24 hours. 
The Michaelis constant for ATP for the conversion of glycogen 
a « • j#  ^  ^ t  ^  ^ o j ^  ^#,#,  ^  ^^   ^  ^  ^  ^ j  ^  ^  ^ j f  ^^   ^ajii viiaac x tu u uj vruir -ucpcuucn u {Jiuucin rviiiaac rrad ucuciiiiiiicu ^ri^uic 
8). Initial conversion rates were linear at all concentrations of ATP 
with no evidence of cooperativity. Half maximal velocity was achieved at 
8 ymolar ATP. The Km determined for this phosphorylation reaction is in 
agreement with Km values determined by other investigators using a variety 
of protein substrates (92-94). 
Figure 9 illustrates the effect of cAMP-dependent protein kinase 
catalytic subunit concentration on the conversion of glycogen synthase I, 
As shown, reaction rates were linear with respect to protein kinase 
concentration over a ten-fold range. The molar ratio of glycogen 
Figure 7. Effect of cAMP and cAMP-dependent protein kinase inhibitor on the conversion of 
bovine heart glycogen synthase I by the catalytic subunit of cAMP-dependent 
protein kinase. Five U/inl of purified synthase I was incubated at 30°C in the 
presence of 1 mN ATP, 6 inM MgCl2> 5 mM DTT, and 5 U/ml cAMP-dependent protein 
kinase catalytic subunit in 50 mM Tris-HCl, pH 7.8. The reaction was incubated 
in the presence (A-A) and absence of cAMP (• -• ) or in the presence of 0.5 mg/ml 
cAMP-dependent protein kinase inhibitor (o-o). Percent glycogen synthase was 
determined as described under "METHODS" 
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Figure 8. Double reciprocal plot of reaction rate versus ATP concentration. 
Five U/ml glycogen synthase I was incubated at 30°C in the presence of 
5 mM DTT, 5 U/ml cAMP-dependent protein kinase catalytic subunit and 
various concentrations of ATP. Free Mg^* was held constant in all 
reactions at 5 mM. Free concentrations were determined as previously 
described (22). Aliquots were removed for assay from each reaction at 
twenty second intervals and the change in percent glycogen synthase I 
per minute was determined 
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Figure 9. Effect of cAMP-dependent protein kinase catalytic subunit concentration on 
conversion of synthase I to synthase D, Glycogen synthase I at a concentration 
of 5 U/ml was incubated at 30°C in the presence of 5 mM DTT, 0.1 mM ATP, 5.1 mM 
MgClg and various concentrations of the catalytic subunit of cAMP-dependent 
protein kinase. Concentrations of cAMP-dependent protein kinase catalytic 
subunit were calculated based on a molecular weight of 42,000 and a specific 
activity of 1600 U/ml for homogeneous catalytic subunit. Aliquots were 
removed for assay as described under "METHODS" and the nmoles of glycogen 
synthase I converted to glycogen synthase D per minute was determined 
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synthase I subunit to the catalytic subunit of cAMP-dependent protein 
kinase ranged from 10 to 100. 
Phosphorylation of glycogen synthase I by cAMP-dependent protein 
kinase in the presence of 1 mM ATP resulted in conversion of the synthase 
molecule into a form nearly completely dependent on glucose-6-phosphate 
for activity (Figure 7). To further evaluate the effects of ATP on this 
reaction, a time course of conversion of glycogen synthase I to D was 
examined at two ATP concentrations (Figure 10), Glycogen synthase was 
converted to 10% glycogen synthase I after five hours in the presence of 
0.5 mM ATP. In the presence of 0.01 mM ATP, the protein kinase converted 
the synthase from 95% glycogen synthase I to 50% glycogen synthase I and 
further conversion was not evident even after long incubation. When 
additional ATP was added to the reaction after incubation with 0.01 mM 
ATP for two hours, further conversion of the synthase occurred. No 
conversion of glycogen synthase I was apparent in the absence of added 
protein kinase. Total glycogen synthase activity and total protein 
kinase activity remained constant during this time course. 
Figure 11 shows the stoichiometry of phosphorylation of glycogen 
synthase I by cAMP-dependent protein kinase catalytic subunit using 
0.01 mM and 0.5 mM Y-[^^P]-ATP as the phosphoryl donor. In the left 
oo 
panel, phosphorylation of glycogen synthase I at 0,01 mM Y-[^^P]-ATP 
resulted in the incorporation of 1 mole of phosphate per mole of glycogen 
synthase subunit with subsequent conversion from 95% to 50% glycogen 
synthase I, This form will be designated GS^ , In this designation 
the superscript refers to the enzyme site which is phosphorylated in 
Figure 10. Conversion of glycogen synthase I at two concentrations of ATP. Five U/ml 
glycogen synthase, 1 mg/ml bovine serum albumin and 5 mM DTT were incubated 
in the presence of (a) 0.5 mM ATP (A), (b) 0.01 mM ATP and 10 U/ml cAMP-
dependent protein kinase catalytic subunit (•) , or (c) 0.5 mM ATP and 10 U/ml 
cAMP-dependent protein kinase catalytic subunit (o). Free Mg2+ concentration 
was 5 mM. Aliquots were removed at various times for determination of percent 
synthase I. After two hours, reaction (b) was divided in half and to one-half 
ATP was added to a final concentration of 0.5 mM and Mg^* was added to maintain 
a concentration of 5 mM free (B) and the time course continued 
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Figure 11. Stoichiometry of phosphorylation of glycogen synthase I by cAMP-dependent 
protein kinase catalytic subuni t  at 2 ATP concentrations. Glycogen 
synthase I was incubated at 5 U/ml in the presence of 5 ml^ DTT, 10 U/ml 
cAMP-dependent protein kinase catalytic subunit in the presence of either 
0.01 mM Y-[^^P]-ATP (shown in the left panel) or 0.05 mM y-[^^PJ-ATP 
2+ (shown in the right panel). Free Mg was maintained at 5 mM, Aliquots 
were removed at various times for determination of percent glycogen 
32 
synthase I (o -o) and P incorporation into protein (® - o) as described 
under "METHODS" 
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peptide 1 (To be discussed under Figure 13), The subscript in this 
designation refers to the activity of the enzyme with 14 mM NagSO^ 
relative to the fully active enzyme CIO mM glucose-6-phosphate). The 
right panel of Figure 11 shows the stoichiometry of phosphorylation of 
32 glycogen synthase at 0.5 mM y-E P]-ATP. Each mole of glycogen synthase 
subunit incorporated 1.83 moles of phosphate and the enzyme converted 
from 95% to 8% glycogen synthase I after five hours at 30°. Further 
32 incubation at 3° resulted in P incorporation to a maximum of 2 moles 
of phosphate per mole of glycogen synthase subunit and conversion to 
1 2 4% glycogen synthase I, This form will be designated . The 
superscript refers to the enzyme sites which were phosphorylated in 
peptides 1 and 2 (see Figure 13). The subscript again refers to the 
relative activity of glycogen synthase I with 14 mM NagSO^, 
1 12 These two forms of glycogen synthase, GS and , were 
32 isolated, free of protein kinase and y-L P]-ATP by centrifugation at 
78;000xg for 3 hours at 3°. The pellet was resuspended in 50 iràl 
Tris-HCl, pH 7.8, 5 mM EDTA, and 50 mM mercaptoethanol, dialyzed over­
night at 3° against the same buffer, and then dialyzed 3 hours against 
50 mM Tris-HCl, pH 7.8, at 3°. At -70° each enzyme was stable for at 
3 2  1 1 2  least 3 months. Analysis of P incorporation into GS and GS^^ by 
SDS-polyacrylamide gel electrophoresis is shown In Figure 12. All ""P 
1 1 ? in either GS or GS^^ was present in a single 86,000 molecular 
weight band. 
Soderling and co-workers have shown that phosphorylation of rabbit 
skeletal muscle glycogen synthase by cAMP-dependent protein kinase with 
3? Figure 12. SDS-polyacrylamide gel electrophoresis of P-labelled 
1 12 GS and GS^^ . SDS-gel electrophoresis was carried 
out as described in Figure 2 except that the aery1 ami de 
concentration was six percent (w/v). Panel A illustrates 
the results of gel electrophoresis of GS^^g^. Panel B 
illustrates the results of gel electrophoresis of GS^%^ 
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0.5 mM ATP results in a rapid phase of incorporation of phosphate into 
glycogen synthase followed by additional incorporation at a much 
slower rate (64,95,95). Analysis of this phosphorylation sequence by 
3 2  trypsin-catalyzed proteolysis of the P-labelled synthase suggested 
that two different peptides were phosphorylated. After one mole of 
3 2  P-labelled phosphate was Incorporated into glycogen synthase, two 
distinct radioactive polypeptides were found. One site contained 
3 2  
approximately 75% of the total P incorporated and the second site 
contained the remaining 25%. The second mole of phosphate was 
incorporated into these same two polypeptides resulting in an 
3 2  
approximately equimolar ratio of P-labelled phosphate in each. 
Therefore, phosphorylation of these two sites seemed at least partially 
sequential. 
To determine the site of phosphorylation in our experiments, 
1 1 2 GS and were both digested with CNBr and subjected to 
elsctrophcresis in 15% scrylaaidc gels ir. the presence of sodium 
dodecyl sulfate. Figure 13 shows the results of this experiment, 
was phosphorylated in a single relatively large polypeptide 
1 2 (peptide 1), while GS^^ was phosphorylated in two distinct poly­
peptides (peptides 1 and 2). One polypeptide in both enzymes 
3 2  (peptide 1) had the same Rr. Quantitation of P located in the two 
1 2 polypeptides phosphorylated in GS^^ showed each contained an 
3 2  
approximately equimolar amount of P. 
» 
Figure 13. SDS-polyacrylamide gel electrophoresis of CNBr peptides from 
1 12 GS and GS.* . Glycogen synthase I was phosphorylated at 
0.1 mM Y-[^^PJ-ATP as described in Figure 11. ^^P-labelled 
GS^gO% snd ^^P-labelled GS^^^ were digested with CNBr as 
described under "METHODS" and subjected to SDS-polyacrylamide 
gel electrophoresis on 15% gels as described under "METHODS". 
Following electrophoresis, the gels were removed from the gel 
tubes and sliced into 2 mm slices for determination of 
^^P-labelled peptides. The location of ^^P in the gel was 
determined as described under "METHODS". Radioactive 
peptides were designated numerically with respect to their 
mobility, relative to the dye front. The smallest relative 
mobility was designated peptide one, the next highest 
mobility was designated peptide two. Panel A illustrates 
the results of CNBr cleavage of GS^rny. Panel B illustrates 
DU/O 
the results of CNBr cleavage of GS^^^ 
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The Role of ATP in the Phosphorylation of by cAMP-dependent 
Protein Kinase Catalytic Subunit 
It has been demonstrated that phosphorylation of bovine heart 
glycogen synthase by cAMP-dependent protein kinase catalytic subunit 
can be influenced by the concentration of ATP present in the reaction. 
Phosphorylation of peptide 1 seems to involve ATP solely as a substrate 
for the cAMP-dependent protein kinase since it is phosphorylated at low 
ATP concentrations and there was no apparent cooperativity at low ATP 
concentrations (Figure 8). To evaluate the role of ATP in the phos­
phorylation of peptide 2, further study of the ATP concentration was 
necessary. 
Previous reports (97,98) have,demonstrated that cAMP-dependent 
protein kinase may catalyze the hydrolysis of ATP to ADP inorganic 
phosphate. This activity might cause sufficient hydrolysis of ATP to 
prevent complete phosphorylation of glycogen synthase at low ATP 
concentrations (Figure 10). Figure 14 shows that the ATPase activity 
was not apparent after two hours under the reaction conditions used in 
studying the phosphorylation of glycogen synthase by cAMP-dependent 
protein kinase. In the absence of ATPase activity one can calculate 
32 f A1 1 nuf inn ini+îal v«ann/H -î vinrNV%a +-î/%*P 1 
phosphate per glycogen synthase subunit (Figure 10), 8.5 yM ATP still 
remains for the phosphorylation of glycogen synthase by cAMP-dependent 
protein kinase. Even in the presence of a concentration of ATP 
sufficient to act as a phosphoryl donor in the conversion of glycogen 
Figure 14. Assay for ATPase activity of cAMP^dependent proteîn kinase catalytic subunît. 
The catalytic subunit of cAMP-dependent protein kinase purified from bovine 
heart as described under "METHODS" was incubated at 5 U/ml in the presence of 
5 mM DTT and 0.1 mfl y-C^^Pl-ATP (sp. act. of 1 x 10^ cpm/ymole ATP) in 
50 mM Tris-HCl, pH 7.8 at 30°, After 2 hours, three 5 yl aliquots were 
spotted separately and the samples were subjected to ascending paper 
chromatography on Whatman DE 81 paper using 0.25 M NH4HCO3 as the solvent. 
After one ascent, the paper was cut into 2 x 2 cm squares and the radio­
activity was detected in a Beckman LS lOOC liquid scintillation counter. 
The samples were averaged and then plotted as percent maximum counts per 
minute. Mobility was determined relative to the solvent front. The arrows 
indicate the Rf values of ^^P-labelled ATP and inorganic phosphate standards 
which were included in the chromatography 
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synthase I to there is no further conversion. Only after 
raising the ATP concentration in the reaction was further conversion of 
the synthase observed. 
Other researchers have also shown that the molar ratio of cAMP-
dependent protein kinase catalytic subunit to histone effects the 
32 
extent of P incorporation into histone through protein-protein 
interaction (32), To rule out the possibility of cooperative effects 
involving glycogen synthase and the cAMP-dependent protein kinase 
catalytic subunit during the phosphorylation of the concen­
tration of cAî'iP-dependent protein kinase catalytic subunit was varied 
1 1 ? 
and the rate of conversion of GS to GS^^ was examined. Figure 15 
shows that with 0.5 mM ATP reaction rates were proportional to catalytic 
subunit concentrations over a 20-fold range with no evidence of 
cooperativity. The molar ratio of GS^gg^ subunit to cAMP-dependent 
protein kinase catalytic subunit varied from 5 to 100. 
The most likely reason for the lack of reactivity of -- —-
ATP concentration appeared to be an ATP effect on glycogen synthase. 
ATP has been shown by several investigators to be an inhibitor of both 
glycogen synthase I and D (19-24). These data suggest that there are 
at least two binding sites for this nucleotide triphosphate. One site 
appears to be kinetically competitive with the UDP-glucose binding 
site. A second site is apparently an allosteric site inducing positive 
cooperativity with respect to glucose-5-phosphate activation. Figure 
1  1 2 '  16 demonstrates that the conversion of GS to GS^^ is cooperative 
with ATP concentration and the apparent half-maximal concentration 
Figure 15. Effect of cAMP-dependent protein kinase catalytic subunit concentration on 
1  1 2  1  the conversion of GS to . GS at a concentration of 5 U/ml was 
incubated at 30° in the presence of 5 mM DTT, 0.5 mM ATP, 5.5 mM MgClg and 
various concentrations of the catalytic subunit of cAMP-dependent protein 
kinase. The concentration of catalytic subunit was calculated as described 
in Figure 9. Aliquots were removed for assay and the amount of GS^gg^ 
converted to GS^^^ per minute was determined 
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Figure 16. Effect of ATP on the conversion of by cAMP-dependent protein kinase. 
Five U/ml was incubated at 30° in the presence of 10 U/ml cAMP-
dependent protein kinase, 1 mg/ml bovine serum albumin, and 5 mM DTT in 
50 mM Tris-HCl, pH 7.8 with various concentrations of ATP. Aliquots were 
removed after 30 minute:; for determination of percent glycogen synthase I. 
The change in percent glycogen synthase I at each ATP concentration was 
determined relative to the percent glycogen synthase I, 30 seconds after 
the initiation of the reaction 
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required for conversion of was 40 yM ATP, The concentration of 
ATP shown here to stimulate conversion of GS is approximately equal 
to the affinity for ATP of the glycogen synthase sites which induce 
cooperativity. Therefore, one ATP binding site on the glycogen synthase 
subunit may not only effect glucose-6-phosphate activation, but may also 
be an allosteric regulator of glycogen synthase phosphorylation by 
cAMP-dependent protein kinase. 
Therefore, under our experimental conditions one might expect that 
ATP could function both as an allosteric modifier of GS^gg^ and a 
substrate for the protein kinase. Furthermore, if ATP has two roles in 
the phosphorylation of GS^gg^, it might be possible to show a different 
nucleotide specificity for each role. That is, the specificity for the 
kinase substrate nucleotide might be different than the binding of the 
nucleotide to the glycogen synthase. 
Figure 17 shows the effects of addition of inosine triphosphate 
(ITP) on the conversion of glycogen synthase by cAMP-dependent protein 
kinase, ITP at 0.5 mM stimulates the conversion of glycogen synthase in 
a reaction containing 0.01 mM ATP, Incubation of this reaction for 
three days at 3°C resulted in conversion to less than 10% glycogen 
synthase I. However, in the absence of ATP no conversion was evident. 
It has been reported (47) that ITP could be a substrate for the cAMP-
dependent protein kinase, although the Km value is approximately 
fifteen times greater for this nucleotide triphosphate than for ATP, 
Figure 18 shows an experiment in which ^^C-labelled ITP was used as the 
sole phosphoryl donor for the conversion of GS^gg^ by cAMP^dependent 
Figure 17. Effect of IIP on conversion of glycogen synthase by cAMP-dependent protein 
kinase catalytic subunit. Five U/ml glycogen synthase, 1 mg/ml bovine serum 
albumin, 10 U/ml cAMP-dependent protein kinase catalytic subunit, and 5 mM 
DTT in 50 mM Tris-HCl, pH 7.8 were incubated in the presence of a) 0.5 mM 
ITP (•-•) or b) 0.01 mM ATP (o-o). Free Mg2+ concentration was 5 mM. 
Aliquots were removed at various times for determination of percent glycogen 
synthase I. After thirty minutes, reaction b was divided in half and to 
one-half ITP was added to a final concentration of 0.5 mM Mg2+ was added to 
maintain a concentration of 5 mM free, and the time course (•-•) was 
continued 
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Figure 18. Assay for ITP hydrolysis in the conversion of glycogen synthase I by cAMP-
dependent protein kinase catalytic subunit. Five U/ml glycogen synthase was 
incubated in the presence of 1 mg/ml bovine serum albumin, 10 U/ml cAMP-
dependent protein kinase catalytic subunit, 5 mM DTT, and 0.5 mM [8-^^C]-ITP 
(specific activity of 9.5 x 10^ cpm/ymole ITP) in 50 mM Tris-HCl, pH 7.8. 
Free Mg was maintained at 5 mM. After a one hour incubation, a 10 yl 
aliquot was spotted separately and the sample was subjected to ascending 
paper chromatography. Paper chromatography was carried out on Whatman DE 81 
paper using 0.25 M NH.HCOo as the solvent. After two ascents, the paper was 
14 viewed under UV light ard UV positive spots circled. Detection of C-
labelled ITP and I DP was carried out as described in Figure 14. Samples 
are: 1) ITP; 2) IDP; 3) IMP; 4) [8-^'^C]-labelled ITP 
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protein kinase catalytic subunit. There was less than 1.0 pmoles of IDP 
produced after a one hour incubation under the conditions used to study 
the phosphorylation of glycogen synthase I by cAMP-dependent protein 
kinase. This small amount of ITP used would not account for the con­
version demonstrated in Figure 17, Therefore, ITP was not used as a 
phosphoryl donor in this phosphorylation reaction. 
Upon further examination, it was found that several nucleotide 
triphosphates could stimulate the phosphorylation of peptide 2 with 
1 1 ? 
subsequent conversion of GS to (Figure 19). As shown in Panel A 
in the presence of 0.01 mM ATP, GTP, CTP, ITP or UTP stimulated conver­
sion of GS^gQ^ although there was some quantitative differences. In the 
absence of ATP, however, only GTP and CTP stimulated conversion of GS^gg^. 
As demonstrated previously, ITP was not a phosphoryl donor. Again, this 
is shown in Panel B, Figure 19. Presumably, UTP was also not a 
phosphoryl donor as shown in Panel B. GTP and CTP, however, appeared to ' 
act as substrates for the cAMP-dependent protein kinase catalytic subunit 
under our experimental conditions. The ability to stimulate conversion 
was not related to the ability of the various nucleotide triphosphates to 
act as phosphoryl donors in the reaction. All four nucleotide triphos­
phates were examined for contaminating ATP by thin-layer chromatography 
«« w* n ««t j w* ^  im ^  t «« ms ^  a td i.» ^  ^   ^  ^^  ^  UII |JU I jfC tllj' i CMC îinilic VCBIUIU3C 123/ QIIU IIU Wll UOIIIIIIG V n i l  r r u o  v c v c v v c w  
although small amounts could not be completely ruled out. 
In view of the fact that ATP had been shown to be an allosteric 
inhibitor (20,22,24) of glycogen synthase, we examined the possibility 
that the ability to stimulate glycogen synthase conversion was related to 
the ability of these various nucleotides to inhibit glycogen synthase 
Figure 19. Evaluation of the ability of various nucleotide phosphates to stimulate 
phosphorylation of GS and to act as phosphoryl donors in the conversion 
of Gs'gQ^ by cAMP-dependent protein kinase catalytic subunit. was 
incubated in the presence of 5 mM DTT, 10 U/ml cAMP-dependent protein 
kinase catalytic subunit, and 2 mM of the various nucleotide triphosphates. 
2+ Free Mg was 5 mM. Conversion was in the presence of 0.01 mM ATP 
(Panel A) or the absence of added ATP (Panel B). Samples were GTP (o), 
CTP (•) , ITP (a), UTP (m) . Aliquots were removed at various times and 
percent glycogen synthase I was determined as previously described 
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activity. Table 2 is a comparison of various nucleotide triphosphates 
for their ability to inhibit activity, stimulate the phosphoryl­
ation of by cAMP-dependent protein kinase in the presence of 
0.01 mM ATP, and to act as phosphoryl donors in the phosphorylation of 
GS^50^. The ability to inhibit GS^^g^ activity was exhibited by all five 
Table 2. Effects of various nucleotide triphosphates on GS^gg^ activity 
and on the stimulation of GS^^g^ phosphorylation 
Additions Pmoles of GS^ j pmoles of Gslggg 
(2 mM) % Inhibition® converted/min" converted/min^-
ATP 50.6 4.01 4.01 
GTP 31.5 1.32 1.02 
CTP 28.7 1.64 0.86 
UTP 87.7 2.00 ---
ITP 26.5 1.64 ---
AMPPNP 00.0 — 
GMPPNP 00.0 
^Activity was measured in the absence of SO," and glucose-6-
phosphate as described under "MATERIALS AND METHODS" and the presence of 
2 mM of the various nucleotide triphosphates. Percent inhibition is 
expressed relative to that without added nucleotide triphosphates. 
^Activity was measured by the rate of conversion from to 
GS^I^ as described in Figure 19, Panel A. Activity is expressed as 
pmoles glycogen synthase converted per minute. 
c  1 1 2  Activity was measured by rate of conversion of GS to GS^% as 
described in Figure 19, Panel B. Activity is expressed as pmoles of 
glycogen synthase per minute. 
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of the nucleotide triphosphates that were studied. ATP, GTP and CTP 
inhibited stimulated phosphorylation of and were 
phosphoryl donors in the reaction although there were quantitative 
differences with these nucleotides. On the other hand, UTP and ITP were 
inhibitors of glycogen synthase activity, stimulated phosphorylation of 
GS^Bqo^j but did not act as substrates for the kinase. Again, there were 
quantitative differences in these nucleotide effects. Adenyl-imido 
diphosphate and quanylyl-imido diphosphate, nonhydrolyzable derivatives 
of ATP and GTP, respectively, did not inhibit glycogen synthase and 
therefore did not stimulate phosphorylation. These data demonstrate 
the direct relationship between the ability of several nucleotide tri­
phosphates to inhibit glycogen synthase activity and their ability to 
stimulate phosphorylation of the second site on glycogen synthase. The 
ability to act as a phosphoryl donor did not correlate with effects on 
GS^gQ^ phosphorylation. 
Effect of Allosteric Activators and pH on the Phosphorylation of 
Glycogen Synthase by cAMP-dependent Protein Kinase 
Since ATP could affect the specificity of phosphorylation of bovine 
heart glycogen synthase by cAMP-dependent protein kinase catalytic subunit 
through effects on glycogen synthase, other allosteric effectors of 
glycogen synthase were studied. Glucose-6-phosphate, inorganic 
phosphate, and S0^~ effects on conversion of glycogen synthase were 
examined. These data are presented in Table 3. The allosteric activators 
studied had no effect on conversion of either glycogen synthase I or 
Table 3. Effect of allosteric activators of glycogen synthase on conversion of 6SI to 
and the conversion of to 
Addi tions (1 mM) 
nmoles of glycogen 
synthase I 
converted/mi n® 
pmoles of GS^5Q% 
converted/mi n 
(0.5 mM ATP)b 
pmoles of GS^gg^ 
converted/min 
(0.01 mM ATP)C 
None 0.174 3.84 0.00 
G1ucose-6-phosphate 0.174 4.15 0,00 
NagSO* 0.174 4.15 0.00 
NSgPO* 0.162 3.65 0,00 
^Activity was measured by the rate of conversion of 5 U/ml of glycogen synthase I by 5 U/ml 
cAMP-dependent protein kinase catalytic subunit with 5 mM DTT and 0.01 mM ATP in 50 mM Tris-HCl, 
pH 7.8 in the presence of various additions. Free Mg was 5 mM. Activity is expressed as 
nmoles glycogen synthase converted per minute, 
h  1 1 2  Activity was measured by the rate of conversion of 5 U/ml of GS to GS^| by 10 U/ml 
cAMP-dependent protein kinase catalytic subunit with 5 mM DTT and 0.5 mM ATP in 50 mM Tris-HCl, 
pH 7.8 in the presence of various additions as described in Figure 19. Free Mg^* was 5 mM. 
Activity is expressed as pmoles of (Dycogen synthase converted per minute. 
^Activity was measured by the rate of conversion of 5 U/ml to GS^^^ by 10 U/ml cAMP-
dependent protein kinase catalytic îiubunit with 5 mM DTT and 0.01 mM ATP in 50 ^ Tris-HCl, 
pH 7.8 in the presence of various additions as described in Figure 19. Free Mg^"*" was 5 mM. 
Activity is expressed as pmoles of glycogen synthase converted per minute. 
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at the concentrations examined. Data from Soderling and Park on 
the effect of glucose-6-phosphate on the phosphorylation of rabbit 
skeletal muscle glycogen synthase I by cAMP-dependent protein kinase are 
in agreement with data presented here (100). 
In view of the fact that much of the data reported on the phos­
phorylation of glycogen synthase was examined at pH values around 7.0, 
the effect of pH on the conversion of glycogen synthase I to by 
cAMP-dependent protein kinase catalytic subunit was examined. Figure 20 
shows the effect of pH on conversion of glycogen synthase I to GS^^q^  at 
1 1 ? 10 umolar ATP and on the conversion of GS to GS^^ at 0.5 mM ATP. 
As shown, the pH optimum for conversions of glycogen synthase I to GS^^q^  
1 12 is approximately 7.5. Conversion of GS to GS^^ has a pH optimum 
approximating neutrality and is somewhat more acidic than conversion of 
glycogen synthase I. 
Purification and Properties of cAMP-independent Glycogen 
Synthase Kinase from Bovine Cardiac Tissue 
Previous reports (62,101,102) have demonstrated the existence of at 
least one non-cAMP-dependent protein kinase which has activity on 
glycogen synthase kinase. Schlender and Reimann (62) have demonstrated 
that glycogen synthase kinases not requiring cAMP for activity and not 
inhibited by the heat stable cAMP-dependent protein kinase inhibitor 
exist in most mammalian tissues. Furthermore, non-cAMP-dependent 
synthase kinase comprises a major portion of the total glycogen synthase 
kinase activity in several tissues (66). 
Figure 20. The effect of pH on the conversion of glycogen synthase I and by cAMP-
dependent protein kinase. Conversion of glycogen synthase I (o-o) and GS^gg^ 
(•-•) were carried out at 0.01 rtiM and 0,5 mM ATP, respectively, in 50 mM 
Tris-nialeate at the indicated pH. Aliquots were removed from each reaction 
at various times and thii percent glycogen synthase was determined as described 
under "METHODS". The rate of conversion was determined at each pH and is 
expressed relative to the maximum conversion rate or glycogen synthase I (•) 
of GS^gg^ (•) . Other reaction conditions were as described previously 
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In order to study the effects that phosphorylation of the cAMP-
independent glycogen synthase kinase have on the activity and kinetic 
properties of our purified glycogen synthase I, the cyclic nucleotide 
independent kinase was partially purified from bovine heart. Table 4 
shows the results of the purification of this kinase using the purifica­
tion scheme described under "MATERIALS AND METHODS". The first four steps 
of the purification procedure were done exactly as in the purification 
of glycogen synthase. This was done in order to isolate the cAMP-
independent kinase which was contaminating our partially purified 
preparations of glycogen synthase I (see Figure 4), Purification of the 
kinase up to the arninobutylagarose column was 32.8-fold with a yield of 
45% with a major loss of kinase activity occurring at the first ethanol 
precipitation step where 40 percent of the total activity in the crude 
supernatant was lost. It should be possible to improve the yield up to 
this point by increasing the final concentration of ethanol during the 
second step of the purification. Recovery of 98% of the cAMP-independent 
glycogen synthase kinase in the glycogen pellet of step four suggests 
that this enzyme is tightly associated with the protein-glycogen complex 
in which glycogen synthase is found. 
Further purification using an arninobutylagarose column followed by 
a phosphocellulose column resulted in an additional 14-fold purification. 
Due to the lack of adequate amounts of purified bovine heart glycogen 
synthase I needed to assay large numbers of column fractions, both 
columns were eluted batchwise as described under "MATERIALS AND METHODS", 
Elution of both of these columns using gradients of NaCl instead of the 
Table 4. Purification of cAMP-indeperident glycogen synthase kinase® 
Volume Tottil Protein Yield Purification 
Step (ml) Units (mg) Units/mg (%) (fold) 
10,000 X g 
supernatant 1700 17,300 21,000 0.85 100 1.00 
First ethanol 
precipitation 270 10,200 5,240 2.01 59 2.40 
First 78,000 x g 
supernatant 260 8,000 948 8.44 46 9.90 
Second 78,000 x g 
pellet 25 7,800 280 27.9 45 33.0 
Aminobutyl-
agarose 106 6,200 111 55.9 36 66.0 
Phospho-
cellulose 20 5,031 13.2 388.0 24 456 
^Starting material was one frozen beef heart. Cyclic AMP-independent glycogen synthase 
kinase was assayed as described under "METHODS". 
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batchwise elution should greatly increase the final purification over 
the 456-fold reported here. The resulting kinase preparation contained 
traces of hi stone phosphatase activity but no contaminating glycogen 
synthase or phosphorylase activity. Furthermore, as shown in Figure 21, 
phosphorylation of glycogen synthase I by the partially purified 
synthase kinase activity was not affected by 20 ymolar cAMP or 0.1 mg/ml 
of the cAMP-dependent protein kinase inhibitor. Therefore, the 
partially purified glycogen synthase kinase was judged to be free of 
contaminating cAMP-dependent protein kinase. 
It has been reported by some investigators [63,102) that the cyclic 
nucleotide-independent glycogen synthase kinase also had considerable 
activity on phosvitin and casein, while others have demonstrated that 
glycogen synthase kinase and kinase activity on these acidic proteins 
was separable (.64,66), A comparison of the activity of our partially 
purified kinase on various substrates is presented in Table 5, As 
illustrated, the synthase kinase had very little activity on casein and 
phosvitin and no activity on histone or phosphorylase ^ compared to 
activity on glycogen synthase phosphorylation. 
It is known that some casein and phosvitin kinases can utilize both 
GTP and ATP as phosphoryl donors in a kinase reaction 003). It has 
also been reported that cAMP-independent glycogen synthase kinase iso­
lated from rabbit skeletal muscle has a Km for GTP of 5 mM C61}. As the 
data in Table 6 demonstrate, only ATP acts as a phosphoryl donor in the 
conversion of glycogen synthase I to D by the cAMP-independent synthase 
kinase isolated from bovine heart. 
Figure 21. The effect of cAMP and cAMP-dependent protein kinase inhibitor on the 
conversion of glycogen synthase I by cAMP-independent glycogen synthase 
kinase. Glycogen synthase I incubated at a concentration of 5 U/ml at 
30° with 5 mM DTT, 50 tnM KF, 2 mM ATP, 7 mM MgClg, and 25 U/ml cAMP-
independent synthase kine.se in 50 mM Tris-HCl, pH 7.8. Conversion was 
carried out with no additions (o-o), in the presence of 50 yM cAMP 
(A- A), or in the presence of 0.1 mg/ml cAMP-dependent protein kinase 
inhibitor (•-•). Aliquots were removed at various times for 
determination of percent glycogen synthase I as previously described 
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Table 5. Comparison of cAMP-independent glycogen synthase kinase 
activity on various substrates® 
Protein Relative Activity^ 
Glycogen synthase I 100.00 
Phosphorylase b <0.01 
Histone <0.01 
Casein 0,05 
Phosvitin 0.01 
^Each reaction was carried out in the presence of 25 U/ml cAMP-
independent synthase kinase, 5 mM DTT, 50 mM KF, 2 mM y-^^P-ATP and 
7 mM MgCl2 in 50 mM Tris-HCl, pH 7,8. All proteins were at a concen­
tration of 5 mg/ml except glycogen synthase which was at 0,15 mg/ml. 
^Activity was measured by the rate of ^^P incorporation into protein 
as described under "METHODS". Counts per minute per mg of protein were 
determined, and activity expressed relative to glycogen synthase I. 
Table 6. Effect of various nucleotide triphosphates on the conversion 
of glycogen synthase I by cAMP-independent glycogen synthase 
kinase® 
Nucleotide Triphosphate (.4 mM) Relative Activity 
ATP 100.0 
GTP <0.1 
ITP <0.1 
CTP <0,1 
UTP <0.1 
Activity was measured by the rate of conversion of 5 U/ml glycogen 
synthase I by 25 U/ml cAMP-independent glycogen synthase kinase in the 
presence of 50 mM KF, 5 mM DTT, and 9 mM MgCl2 in 50 mM Tris-HCl, pH 7.8 
with 4 mî'1 of the various triphosphates. Activity was expressed relative 
to activity in the presence of ATP, 
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Phosphorylation of Glycogen Synthase by cAMP-independent 
Glycogen Synthase Kinase 
The Michael is constant for ATP for the conversion of glycogen 
synthase I to D by cAMP-independent glycogen synthase kinase was 
determined. As shown in Figure 22, the Km for ATP for this reaction was 
0.36 mM. Initial conversion rates were linear at all concentrations of 
ATP and there was no evidence for cooperativity as demonstrated early 
for conversion of GS^g^^ by cAMP-dependent protein kinase catalytic 
subunit. 
The effect of cAMP-independent glycogen synthase kinase concen­
tration on the conversion of glycogen synthase I is shown in Figure 23. 
Reaction rates were linear with respect to synthase kinase concentration 
over a ten-fold range. The time course at each synthase kinase concen­
tration was linear with at least 20% of the synthase I converted to 
synthase D before the linearity of the reaction was affected. 
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the phosphorylation of glycogen synthase I by cAMP-dependent protein 
kinase catalytic subunit, the effect of ATP concentrations on the extent 
of conversion of glycogen synthase I by cAMP-independent glycogen 
synthase kinase was examined. Figure 24 shows that the concentration 
of ATP affected the initial rate of conversion of glycogen synthase I to 
D. However, unlike the conversion of synthase I by the cyclic nucleotide 
dependent kinase, there was no evidence of an effect on the extent of 
conversion. It is quite possible that the ATP concentration was too high 
to see any allosteric effect. However, due to low concentrations of 
Figure 22. Double reciprocal plot of reaction rate versus concentrations of ATP, 
Five U/ntl glycogen syntha:;e I was incubated at 30® in the presence of 
5 tnM DTI, 50 mM KF, 25 U/rnl cAMP-independent synthase kinase and various 
2+ 
concentrations of ATP. Free Mg was 5 mM. Aliquots were removed for 
assay from each reaction at five minute intervals and the change in 
percent glycogen synthase I per minute was determined 
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Figure 23. Effect of the concentration of cAMP-independent glycogen synthase kinase 
on the conversion of glycogen synthase I to synthase D. Glycogen synthase 
I, at a concentration oi' 5 U/ml, was incubated at 30° in the presence of 
5 mM DTT, 50 mM KF, 2 mM ATP, 7 mM MgClg and various concentrations of the 
synthase kinase in 50 mM Tris-HCl, pH 7.8, Aliquots were removed for assay 
as described in Figure 7„ Percent glycogen synthase I was determined as 
described under "METHOD!," and the amount of glycogen synthase I converted 
to glycogen synthase D per minute was determined 
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Figure 24. Conversion of glycogen synthase I by cAMP-independent synthase kinase 
at 2 ATP concentration;;. Five U/ml glycogen synthase I, 1 mg/ml bovine 
serurn albumin, 5 mM DTT, and 50 mM KF in 50 mM Tris-HCl, pH 7.8 
were incubated in the presence of 2.0 mM ATP ( A - A ) ,  0.4 mM ATP and 
50 U/ml synthase kinase (o-o), or 2.0 mM ATP and 50 U/ml synthase 
2+ kinase (•-•). Free Mg was at 5 mM in each reaction, Aliquots were 
removed at various times for determination of percent synthase I. 
After 4 hours, the reactions were placed at 3° and assayed after 24 hours 
as described under "METHODS" 
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cAMP-independent glycogen synthase kinase, it was necessary to examine 
this effect of ATP on concentrations approximating half-maximal velocity. 
Several reports have indicated (64,102) that the phosphorylation of 
skeletal muscle glycogen synthase I by cAMP-independent kinase resulted 
in the incorporation of 1 mole of phosphate per mole glycogen synthase 
subunit. Itarte et (63), however, have suggested that the phos­
phorylation of glycogen synthase I by a cAMP-independent kinase results 
in the incorporation of 4 moles of phosphate per mole of glycogen 
synthase subunit. Figure 25 shows the stoichiometry of phosphorylation 
of glycogen synthase I by our cAMP-independent glycogen synthase kinase 
32 
using Y-[ P]-ATP as the phosphoryl donor. Phosphorylation of glycogen 
synthase I results in the incorporation of 1 mole of phosphate per mole 
of glycogen synthase subunit with subsequent conversion from 95% to 3% 
3 glycogen synthase I. This form is designated GS Again, the super­
script refers to the enzyme site phosphorylated in peptide 3 (.see 
Figure 27). The subscript refers to enzyme activity with 14 m't Na^SO, 
relative to activity with 10 mM glucose-6-phosphate. It can be isolated 
32 free of synthase kinase and Y -[ P]-ATP by centrifugation through 
50% w/v sucrose at 78,000 x g for 6 hours at 3°. The glycogen pellet 
is resuspended in TEN buffer, pH 7,8 and dialyzed overnight at 3° 
against the same buffer. is then dialyzed 3 hours against 50 mM 
Tris-HCl, pH 7.8 at 3° and stored at -70°. This form of glycogen 
synthase is stable for at least 3 months. 
32 3 Analysis of P incorporation into GS by SDS-polyacrylamide gel 
32 
electrophoresis is shown in Figure 26, As illustrated, all P 
i f 
Figure 25. Stoichiometry of phosphorylation of glycogen synthase I by cAMP-independent 
glycogen synthase kinase. Glycogen synthase I was incubated at a concentration 
of 5 U/ml in the presence of 5 mM DTT, 50 U/ml cAMP-independent synthase 
kinase, 50 mM KF, 2 mM y-[^^P]-ATP, 1 mg/ml bovine serum albumin, and 7 mM 
MgClg in 50 mM Tris-HCl, pH 7,8. After four hours, the reaction was placed 
at 3° for the remainder of the time course. Aliquots were removed at various 
32 times for determination of percent glycogen synthase I (o - o) and P 
incorporation into protein (•-•) as described under "METHODS" 
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3 incorporation into GS was incorporated into the 86,000 molecular 
32 3 
weight band. Further analysis of P incorporation into GS was 
3? 
carried out by digesting the P-labelled enzyme with CNBr and subjecting 
the protein digest to SDS-polyacrylamide gel electrophoresis in 15% gels 
3? 
as described under "METHODS". As shown in Figure 27, P was incor­
porated into one CNBr-peptide which had a of 0.86. The of this 
phosphorylated peptide was different than either of the two peptides 
phosphorylated by cAMP-dependent protein kinase (see Figure 13). 
2+ Effect of Allosteric Activators, Ca , and pH on Conversion of 
Glycogen Synthase I by cAMP-independent Glycogen 
Synthase Kinase 
Table 7 shows a comparison of the effect of glucose-6-phosphate, 
inorganic phosphate and sulfate on the conversion of glycogen synthase I 
by the cAiMP-independent glycogen synthase kinase. As illustrated, there 
way no b iyriif icdrit effect uf Lriese dcLi vdcurs of ylycoyen syriLhdiie 
activity on conversion of glycogen synthase I by the cyclic-nucleotide-
independent kinase. 
2+ It has been reported that Ca stimulates the activity of some 
cyclic nucleotide independent kinases (74,91). As shown in Figure 28, 
2+ 1 mM Ca did not affect the activity of the cAMP-independent glycogen 
synthase kinase isolated from bovine cardiac tissue. These data are in 
agreement with data reported by Soderling ^ (64) for the phos­
phorylation of rabbit skeletal muscle glycogen synthase I by cAiMP-
independent synthase kinase isolated from the same tissue. 
32 Figure 26. SDS polyacrylamide gel electrophoresis of P-labelled 
GS^oo/. SDS-gel electrophoresis was carried out as 
o7o 
described in Figure 12 
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3 Figure 27. SDS polyacrylamide gel electrophoresis of CNBr peptides from GS 3^. 
SDS-çiel electrophoresis of CNBr peptides from was carried out as 
described in Figure 13, This peptide was designated peptide 3 to 
distinguish it from peptides 1 and 2 (see Figure 13) which are 
phosphorylated by the cAMP-dependent protein kinase 
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Table 7, Effect of allosteric activators on the conversion of 
glycogen synthase by cAHP-independent glycogen synthase 
kinase 
Additions® (1 mM) Relative Activity^ 
None 100 
Glucose-6-phosphate 96 
NagSOg 98 
NagPOa 98 
®A11 additions were sodium salts which were brought to pH 7.8 
before use. 
^Activity was measured by rate of conversion of 5 U/ml glycogen 
synthase I by 25 U/ml cAMP-independent glycogen synthase kinase in 
the presence of 50 mM KF, 5 mM DTI, 7 mM MgCl2, and 2 mM ATP in 
50 mM Tris-HCl, pH 7.8 with 1 mM of the various effectors as 
described in Figure 19. Activity is expressed relative to activity 
in the absence of added effectors. 
Figure 28. The effect of on conversion of glycogen synthase by cAMP-independent 
glycogen synthase kinase. Five U/ml glycogen synthase was incubated with 
50 U/ml cAMP-independiînt synthase kinase, 5 mM DTT, 50 mM KF, 2 mM ATP, 
and 7 mM MgClg in 50 inM Tris-HCl, pH 7.8 in the presence (o-o) and 
absence (« - ») of 1 ml^l CaClg. Aliquots were removed at various times 
for determination of oercent glycogen synthase I as described under 
"METHODS" 
% GLYCOGEN SYNTHASE I 
00 
@) 
66 
100 
Again, much of the data reported on the phosphorylation of glycogen 
synthase has been examined at pH values around 7.0. Therefore, the 
effect of pH on the phosphorylation of synthase I by cAMP-independent 
glycogen synthase kinase was examined (Figure 29). The pH optimum for 
this phosphorylation reaction was near neutrality and was not signifi­
cantly different from that for the cAMP-dependent protein kinase. 
Simultaneous Phosphorylation of Glycogen Synthase I by 
cAMP-dependent and cAMP-independent Kinase 
Data shown in Figures 13 and 27 show that two sites in glycogen 
synthase are phosphorylated by cAMP-dependent protein kinase and a third 
site is phosphorylated by cAMP-independent kinase activity. To demon­
strate that these phosphorylation events occur simultaneously, purified 
glycogen synthase I was phosphorylated in the presence of both cAMP-
dependent protein kinase catalytic subunit and cAMP-independent 
glycogen synthase. Figure 30 shows that in the presence of 2 mM 
3? 32 
Y - [  P]-ATP, three P-labelled phosphates were incorporated per 
glycogen synthase subunit with subsequent conversion to 1% glycogen 
32 
synthase I. The data in Figure 30 also show that P incorporation 
32 
and conversion correlated well during the time course. No further P 
incorporation Or conversion was evident when the "reaction was allowed to 
incubate for an extended period of time. These data agree with data 
reported previously for the phosphorylation of rabbit skeletal muscle 
glycogen synthase (64,65). 
Figure 29. The effect of pH on the conversion of glycogen synthase I by cAMP-
independent glycogen synthase kinase. Conversion of the synthase I 
was carried out in 50 mM Tris-maleate at the indicated pH. Other 
reaction conditions were as described in Figure 25 
30 L 
Figure 30. Stoichiometry of phosphorylation of glycogen synthase I both cAf'lP-
dependent and cAMP-independent glycogen synthase kinases. Glycogen 
synthase I was •incubated at 5 U/ml in the presence of 5 mM DTT, 
50 mM KF, 10 U/ml c,W-dependent protein kinase catalytic subunit, 
25 U/ml cAMP-independent glycogen synthase, 7 mM MgClg, and 2 mM 
Y-[^^P]-ATP in 50 mM Tris-HCl, pH 7.8. Aliquots were removed at 
various times for determination of percent glycogen synthase I (o - o) 
and incorporation (s - •) as described under "METHODS" 
I GLYCOGEN SYNTHASE I 
8 
MOLES 
MOLE GLYCOGEN SYNTHASE 
170 L 
105 
The phosphorylated glycogen synthase resulting from simultaneous 
phosphorylation by cAMP-dependent and cAMP-independent glycogen synthase 
12 3 kinases is designated ' . Again, the superscript refers to the 
enzyme sites which were phosphorylated in peptides 1, 2 and 3 (see 
Figure 31). The subscript refers to the activity of glycogen synthase 
with 14 mM NagSO^ relative to the fully active enzyme (10 mM glucose-6-
phosphate). could be isolated free of unreacted Y-[^^P]-ATP and 
kinase activity by centrifugation through 50% w/v sucrose at 78,000 x g 
for 6 hours at 3°. The glycogen pellet was resuspended in TEN buffer, 
pH 7.8 and dialyzed against the same buffer for 16 hours at 3°. The 
phosphorylated enzyme was dialyzed against 50 mM Tris-HCl, pH 7.8 for 
3 hours at 3° and stored at -70°. This enzyme, is stable for 
at least three months. 
12 3 Analysis of GS^% ' by SDS gel electrophoresis, shown in Figure 31, 
32 demonstrates that all of the P incorporated into protein was located 
in the 86^000 mnlecular weight band. As shown in Figure 32, analysis 
12 3 
of CNBr digested GS-j^ ' by gel electrophoresis on 15% polyacrylamide 
gels in the presence of SDS produced three distinct phosphorylated CNBr 
peptides. The R. values of these peptides, 0.2, 0.4 and 0.86, correspond 
to the R- values of CNBr peptides from glycogen synthase I when it is 
phosphorylated by only cAMP-dependent protein kinase catalytic subunit 
(R^ values of 0.2 and 0.4) or by only cAMP-independent glycogen 
synthase kinase (R^ value of 0.86). 
Figure 31. SDS-polyacrylamide gel electrophoresis of ^^P-labelled 
SOS-gel electrophoresis; was carried out as described in Figure 2 
f-n 
SUBUNIT MOLECULAR WEIGHT X 10"^  
È2 S S S § 
/ 
8 8 
I MAXIMUM CPU 
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12 3 Figure 32. SDS-polyacrylamide gel electrophoresis of CNBr peptides of ' . 
SDS-gel electrophoresis of CNBr peptides from was carried 
out as described in Figure 13 
I MAXIMUM CPM 
S 
60 L 
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DISCUSSION 
This report is the first in which an extensive study of the 
phosphorylation of heart glycogen synthase has been undertaken. 
Previous reports (17,104,105) have demonstrated that this enzyme is 
multiply phosphorylated and that cAMP-dependent protein kinase is 
involved in the phosphorylation reaction. However, due to the lack of 
sufficient quantities of kinase-free synthase any further studies were 
limited. The phosphorylation of skeletal muscle glycogen synthase has 
been studied extensively and these data, while still incomplete, will 
be used for comparison purposes in this discussion. 
As shown in Figure 11, complete phosphorylation of bovine heart 
glycogen synthase by the catalytic subunit of cAMP-dependent protein 
kinase resulted in the incorporation of two moles of phosphate per mole 
of glycogen synthase subunit with subsequent conversion of the enzyme 
from the I form to a form more dependent on glucose-6-phosphate for 
activity. However, the susceptibility of these two sites to cAMP-
dependent protein kinase catalyzed phosphorylation was markedly 
different. At low ATP concentrations, only site one, as defined in 
Figure 13, is phosphorylated. Increasing the ATP concentrations results 
in an increase in the susceptibility of site two, defined in Figure 13, 
to phosphorylation. 
The phosphorylation of other proteins by cAMP-dependent protein 
kinases has been studied a great deal by several investigators (57, 
106-108). Data from these investigators showed that the rate and 
m 
susceptibility of phosphorylation of a particular site by the cAMP-
dependent kinase is, in part, dependent on the primary structure 
surrounding the phosphorylatable serine or threonine residue. However, 
more relevant to this discussion are data reported by Bylund and Krebs 
(50) and Martensen and Graves (109). These investigators demonstrated 
the dependency of enzyme specificity on the conformation of the protein 
substrate. The observation that lysozyme served as a substrate for the 
cAMP-dependent protein kinase only after lysozyme was denatured suggests 
that the protein substrate conformation may play a very important role 
in restricting protein kinase catalyzed phosphorylation (50). Further-
2+ 
more, Singh and Wang (110) have shown that a variation of Mg 
concentration from 1 mM to 10 mM increased the number of phosphates 
incorporated into skeletal muscle phosphorylase kinase by cAMP-dependent 
protein kinase. These authors suggested that the increased concen-
2+ tration of Mg altered the conformation of the phosphorylase kinase. 
The rate of phosphorylation of site one on heart glycogen synthase 
is a linear function of ATP concentration (Figure 8). However, the 
phosphorylation of site two is more complex (Figure 16). In the absence 
of an ATP effect on the catalytic subunit of cAMP-dependent protein 
kinase, the sigmoidal curve which describes this data suggests that ATP 
not only acts as a substrate for this phosphorylation reaction, but 
also influences the susceptibility of site two phosphorylation by the 
cAMP-dependent protein kinase catalytic subunit. These data were 
substantiated by other nucleotide triphosphates which also stimulated 
phosphorylation of regardless of whether they were phosphoryl 
donors in the reaction or not. 
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Both Soderling (95) and Proud et (71) have shown that skeletal 
muscle glycogen synthase is phosphorylated in two sites on the synthase 
subunit by cAMP-dependent protein kinase in the presence of saturating 
ATP concentrations. Furthermore, Soderling et al. (64) demonstrated 
that the phosphorylation of skeletal muscle glycogen synthase occurred 
in two phases, an initial rapid phase of phosphorylation up to one mole 
of phosphate per subunit followed by a slower phosphorylation up to 
two moles of phosphate. Analysis of the phosphorylated enzyme showed 
that the two phosphorylatable sites were both phosphorylated in phase 
one with one site containing approximately 70% of the total phosphate 
incorporated and a second site containing approximately 30% of the total 
phosphate. The second phase of phosphorylation resulted in further 
phosphorylation of these two sites which reached a maximum of two 
phosphates per synthase subunit (95). The phosphorylation of two 
distinct sites on the skeletal muscle enzyme by cAMP-dependent protein 
kinase was substantiated by Proud et (71); however, the stoichiom-
etry reached a maximum of only one phosphate incorporated per subunit 
with one site containing approximately 85% of the total phosphate 
incorporated and a second site containing approximately 15%, 
Because phosphorylation of heart glycogen synthase responded to 
different ATP concentrations, we could isolate a form of the enzyme 
that was phosphorylated in site one only CGS^^qo^). A comparison of 
the rates of conversion of heart glycogen synthase I and shows 
that the initial conversion of glycogen synthase I to (phos­
phorylation of site one) is 85 times faster than conversion of GS^gg^ 
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1 2 to (phosphorylation of site two). Therefore, even at saturating 
ATP concentrations concurrent phosphate incorporation into both sites on 
heart glycogen synthase is not likely. Both sites in skeletal muscle 
glycogen synthase seem to be phosphorylated simultaneously (95). It is 
possible that the phosphorylation of the second site during the initial 
rapid phosphorylation phase was due to the presence of the cAMP-
independent kinase activity which was contaminating these preparations 
(77,95). It is also possible that, due to the difference in pH between 
the studies on skeletal muscle synthase (6.8 to 7.0) and those reported 
here for heart glycogen synthase (7.8), the interaction between ATP and 
glycogen synthase is different. A pH effect on partially purified 
glycogen synthase I from both skeletal muscle and heart was previously 
studied (21). These data showed that the ability of ATP to inhibit the 
I forms of both enzymes was less at pH 7.6 than at pH 6.5, Finally, 
the difference in specificity of phosphorylation of skeletal muscle 
and heart glycogen synthase by cAMP-dependent protein kinase may lie 
in the simple fact that these enzymes are isolated from different animal 
species and tissues, and therefore differ in their individual properties. 
In view of the recent discovery of several cAMP-independent synthase 
kinase activities (62,64,101,102), an examination of the phosphorylation 
of heart glycogen synthase would be incomplete without investigating its 
phosphorylation by cAMP-independent kinases. The partially purified 
cAMP-independent kinase isolated from bovine heart (Table 4) was not 
stimulated by cAMP or inhibited by the heat stable, cAMP-dependent 
protein kinase inhibitor. Calcium ion had no effect on the kinase 
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activity; however, it is possible that some regulatory subunit of the 
kinase was removed during the purification procedure. The preparation 
of cAMP-independent glycogen synthase kinase from bovine heart 
specifically used ATP in phosphorylating glycogen synthase with a Km 
value of 0.36 mM. Glycogen synthase kinases which are not stimulated 
by cAMP or inhibited by the heat stable, cAMP-dependent protein kinase 
inhibitor have also been isolated from rabbit skeletal muscle (63,64) 
and rabbit kidney (62). Soderling et (64) have reported that the 
cAMP-independent kinase isolated from skeletal muscle was not 
sensitive to cAMP, the heat stable inhibitor, Ca~^, or EDTA, nor did 
it use GTP as a phosphoryl donor. 
Heart cAMP-independent glycogen synthase kinase also quite 
specifically phosphorylates glycogen. An evaluation of substrate 
specificity showed that this enzyme had no activity on mixed hi stones 
or skeletal muscle phosphorylase b. It apparently had a relatively 
Smgl1 amount nf activity On casein and phosvitlni however. thêSê 
activities may be due to contaminants. Reports by Nimmo et 002) 
and Itarte et (63) have suggested that the cAMP-independent synthase 
kinase from skeletal muscle is the major phosvitin kinase. However, 
Soderling et al, (64) have shown that cyclic nucleotide independent 
synthase kinase from skeletal muscle elutes from both DEAE-cellulose 
and phosphocellulose at slightly lower ionic strength than the casein 
and phosvitin kinases. Schlender and Reimann (_62) have also shown that 
the cAMP-independent synthase kinase from kidney is separable from the 
major phosvitin kinase activity. Thus, the data reported here for the 
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heart cAMP-iindependent glycogen synthase kinase are similar to data 
reported by Soderling et (64) and Schlender and Reimann (62); 
however, they do not agree with data reported by Nimmo et al_. (102) 
and Itarte et (53). It has, however, been suggested that there 
may exist more than one cAMP independent kinase which has activity on 
glycogen synthase (111). 
In addition; our preparation apparently bound to glycogen as 
demonstrated by the fact that the addition of glycogen to the post-
mi crosomal supernatant resulted in the recovery of 98% of the cAMP-
independent glycogen synthase kinase in the glycogen pellet [Table 4). 
Finally, the phosphorylation of glycogen synthase by the cAMP-
independent kinase resulted in the incorporation of one mole of 
phosphate per mole of glycogen synthase subunit. Soderling et ai. (64) 
reported that the cAMP-independent synthase kinase isolated from 
skeletal muscle incorporated approximately two ?oles phosphate per 
mole of glycogen synthase subunit, only one of which was responsible 
for conversion. Thus, the heart cAMP-independent synthase kinase 
preparation differs from the skeletal muscle cAMP-independent kinase 
reported by Soderling et (64). 
Analysis of CNBr peptides of heart glycogen synthase phosphorylated 
by the cAMP-independent kinase showed that only one peptide was phos­
phorylated. The value obtained for this peptide was different from 
the values obtained for the two CNBr peptides phosphorylated by cAMP-
dependent protein kinase catalytic subunit. These data coupled with 
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the fact that phosphorylation of heart glycogen synthase by cAMP-
dependent and cAMP-independent kinase activity simultaneously resulted 
in the incorporation of three phosphates per subunit demonstrates that 
these two different kinases phosphorylated different sites on the enzyme. 
Brown et (65) has also reported that cyclic nucleotide independent 
synthase kinase phosphorylates skeletal muscle glycogen synthase at a 
single site which is distinct from the sites phosphorylated by cAMP-
dependent protein kinase. 
In view of the lack of data on the phosphorylation state of heart 
glycogen synthase in vivo, the physiological importance of the site 
specific phosphorylations reported here is unknown. The conversion from 
the I form of heart glycogen synthase to a form dependent on glucose-6-
phosphate for activity can occur by 1) the incorporation of two moles 
of phosphate per mole of glycogen synthase subunit catalyzed by cAMP-
dependent protein kinase catalytic subunit, 2) the incorporation of 
^-C Kv U »-s U-« 4»/-* + T 
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by a cAMP-independent glycogen synthase kinase, or 3) by incorporation 
of three moles of phosphates per mole of glycogen synthase subunit as 
catalyzed by the combined activity of the two aforementioned kinases. 
It has been shown that the phosphorylation of skeletal muscle synthase 
by cAMP-dependent and cAMP-independent protein kinases, either 
separately or in combination, alters the kinetic properties of the 
synthase (65,70,102), It is, however, clear that the activity measure­
ment of percent glycogen synthase I GSI) does not necessarily 
indicate phosphorylation at one or more specific sites on the synthase 
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subunit. Since all physiological studies on glycogen synthase have used 
an activity measurement of % GSI, it is not possible to re-examine 
existing data for evidence of the phosphorylated state of glycogen 
synthase iii vivo. 
The various phosphorylated forms of heart glycogen synthase, GS^gQ%, 
and which have been produced in vitro and 
described in this Dissertation have not, as yet, been demonstrated in 
vivo. However, several reports suggest that such forms might exist. 
Data from both heart perfusion and in vivo studies using a variety of 
conditions (112-116) have demonstrated that normal resting percent 
glycogen synthase I in cardiac tissue is approximately 12% to 20%. 
Treatment with insulin results in an increase to approximately 45% 
glycogen synthase I in five minutes and a return to basal levels after 
an hour (113,116). Assuming that the state of phosphorylation is the 
same for all synthase subunits, these data suggest that site one may be 
phosphorylated at all times in cardiac tissue. 
Recently, McCullough and Walsh (117) reported that in rat heart 
perfusion experiments immunoprecipitated glycogen synthase contained 
32 two P-labelled CNBr peptides. One peptide was phosphorylated by cAMP-
dependent protein kinase and the second phosphorylated by a cAMP-
independent glycogen synthase kinase. The authors concluded that a 
op 
second "P-labelled phosphate was not incorporated into the synthase by 
the cAMP-dependent protein kinase but their data were not conclusive on 
that point. These results raise the possibility that yet another form of 
1 3 glycogen synthase, presumably GS ' , may exist in vivo. Conversion to 
118 
a more I-like form of the enzyme in response to insulin would require 
dephosphorylation of site three because dephosphorylation of site one 
3 
would result in a glycogen synthase subunit of GS which has been shown 
to have about 3% activity independent of glucose-6-phosphate (Figure 25). 
Several reports (118-121) have suggested the possible existence of 
two or more different forms of glycogen synthase dependent on the 
presence of glucose-6-phosphate in several cell types. Sacristan and 
Rosell-Perez (118) have demonstrated that the D form of rat heart 
glycogen synthase assayed in the presence of 5 mM glucose-6-phosphate 
could be inactivated by a reaction driven by the addition of ATP and 
2+ Mg . This inactivation was time dependent as well as dependent on ATP 
concentration and was found to be sensitive to the presence of cAMP, 
suggesting a kinase type reaction. These data coupled with data showing 
that forms of skeletal muscle glycogen synthase, which vary in degree of 
phosphorylation, have different affinities for glucose-6-phosphate, 
indicate the possible existence of forms of glycogen synthase such as 
GSg^^ and GS^g^ in vivo. Control of phosphorylation and 
dephosphorylation of specific sites on these forms would make it possible 
to regulate glycogen synthesis by varying the level of glucose-6-
phosphate intracellularly while maintaining at least 95% of the total 
glycogen synthase activity dependent on glucose-6-phosphate for activity. 
Finally, it is also possible that the dephosphorylation of specific sites 
on the glycogen synthase molecule is controlled by the phosphorylation 
state thus providing still another means of regulating glycogen synthase 
activity and glycogen synthesis. 
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